Introduction
End-stage renal disease (ESRD) is a life-changing condition that can significantly reduce both survival and quality of life (QoL) despite renal replacement therapy with dialysis. Although kidney transplantation provides the best health-related outcomes in ESRD, this is not feasible for many patients due to lack of organ availability. In the absence of transplantation, the most widely prescribed dialysis modality is hemodialysis (HD).
For 7 decades dialysis has been the lifeline treatment for chronic kidney disease (CKD) for .2 million people worldwide. Nevertheless, despite technological advances in the field, HD performed in a conventional thrice-weekly regime continues to carry a sevenfold increased mortality when compared to the general population and a suboptimal QoL with a high economic burden to the society. [1] [2] [3] In contrast to native kidneys, HD is performed on an intermittent basis, leading to unphysiologic fluctuations of the internal milieu of the patient. Furthermore, dialysis techniques are less efficient in the clearance of larger uremic toxins. The increased mortality observed in the dialysis population is predominantly due to an increased risk of cardiovascular events, although infectious complications also play a significant role. 4, 5 myocardial or cerebral ischemia, especially in patients with preexisting cardiac and/or cerebrovascular disease. In the longer term, dialysis patients suffer from left ventricular hypertrophy (LVH), cardiovascular calcifications, global systolic dysfunction due to repetitive myocardial stunning, and arterial hypertension. 8, 13, 14 Impaired fluid homeostasis is also responsible for many of the cardiovascular complications associated with HD as patients have to confront with large swings in fluid overload balance. The 72-hour interdialytic interval for the thrice-weekly HD regimens also poses a threat and is associated with an increased risk of cardiovascular mortality. 15 
What is high-dose and home HD?
Current practice entails that most HD patients receive their treatment in hospital or at a community-based satellite unit, three times a week for a minimum duration of 4 hours per session (conventional HD). Home-based HD, with its origins in the 1960s, rapidly waned in practice in the 1980s and 1990s but is undergoing a significant revival over the last 10 years. 16 The combination of patient empowerment provided by the flexible nature of home-based HD regimes and the emergence of growing data supporting the association of such regimes with improved outcomes, such as survival, patient-reported QoL, and cost-effectiveness, are the primary drivers for this resurgence. [17] [18] [19] Some of the improved outcomes associated with home HD can be linked with more intensive dialysis regimes and its prescription (high-dose HD) enabled by the flexibility of schedule in the home environment. Charra et al 20 reported a dramatic improvement in survival of dialysis patients in Tassin by extending the length of HD session duration. High-dose HD refers to HD regimes that provide .12 hours per week of HD. This could be in the form of either increased dialysis frequency (number of treatment days per week) and/or prolonged session duration beyond the conventional 4 hours per treatment session. There are three predominant high-dose HD schedules that are commonly identified: 1) short-daily HD (SDHD) is performed 5-6 days per week utilizing shorter HD treatment session duration (2-3 hours); 2) long HD refers to prolonging the dialysis session duration (.4 hours, could be up to 8 hours); and 3) extended (long-frequent) HD involves an increase in both frequency and length of the HD session. Both long and long-frequent HD can be provided overnight while the patient sleeps (nocturnal HD [NHD] ). In some health care systems, SDHD and NHD can be delivered in the hospital, but it is ideal for high-dose HD regimes to be delivered in the home setting (high-dose home HD) in order to deliver maximal clinical effectiveness. Typical prescriptions of conventional and high-dose HD regimes are summarized in Table 1 .
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Clinical benefits of high-dose HD
The amount of dialysis delivered during conventional regime is often limited by the overall weekly treatment time and frequency. To deliver the minimum adequate dialysis, conventional regimes utilize high-efficiency dialysis over a short period of time. The resulting peaks and troughs of both hydration status and uremic solute concentrations between body compartments can lead to sharp changes in the internal milieu. More frequent and/or prolonged HD sessions can reduce the fluctuations of the internal environment by maintaining a more steady state, optimized by subtle adjustments to fluid and uremic toxin removal, and by avoidance of long interdialytic intervals. A summary of the benefits of high-dose HD is presented in Table 2 . 22 The survival benefit for patients undergoing SDHD and NHD has been evaluated in a number of studies. However, no well-powered randomized controlled trial (RCT) has been performed to date, and the bulk of the data remain observational. The evidence points toward a better survival for patients receiving SDHD and NHD compared to those treated with conventional regimes. [23] [24] [25] [26] [27] [28] [29] [30] Some studies would even suggest that the survival benefit of SDHD and NHD is comparable to that of deceased donor transplant recipients, 31, 32 although in the most recent retrospective cohort study of high-dose home HD patients and kidney transplant recipients, 
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kidney transplantation was associated with superior treatment and patient survival. 33 Blood pressure (BP) control is one of the most consistent benefits of high-dose HD in randomized and nonrandomized studies. [34] [35] [36] [37] [38] [39] [40] One of the first reports of improved BP control by means of high-dose HD came from Tassin in France where mean ambulatory BP measurements were shown to be inversely correlated with HD session length. 41 Subsequently, the Frequent Hemodialysis Network (FHN) study showed a significant reduction in systolic BP of −9.7 mmHg (range from −16.9 mmHg to −2.5 mmHg) during 12 months of follow-up among the NHD cohort, with a significant decrease in the number of antihypertensive agents used. The lack of significant difference in BP readings in patients on a conventional HD prescription (4 hours, three times per week), but performed within the home setting, illustrated the importance of high-dose HD as opposed to location of HD delivery as the main factor driving BP control. 37 It is widely believed that NHD reduces BP through lowering of total peripheral resistance and plasma norepinephrine levels. 39, 40 SDHD can also lead to improved BP control, but the proposed mechanism of action is thought to be through improved fluid balance. 36 A number of observational studies of SDHD 36, 42 and NHD 34, 36 and an RCT of NHD 43 have also shown that intensive HD regimes can be linked to improvements in left ventricular mass index and LVH, both factors associated with poorer outcomes in CKD and dialysis patients. These findings are further supported by a recent meta-analysis of observational studies and data from RCTs that reported improvement in left ventricular mass index and geometry in both frequent and extended HD groups. 44 Furthermore, Jefferies et al, in a cross-sectional study, demonstrated that more frequent HD regimens were associated with lower ultrafiltration volumes and rates compared with conventional in-center HD. There was an associated significant reduction in episodes of intradialytic systolic hypotension in the SDHD groups, and this was more pronounced in the NHD group. As a consequence, frequent HD regimes were associated with less dialysis-induced myocardial stunning compared with conventional HD. 45 However, it is worth mentioning that the different groups in the study were not entirely homogeneous in their characteristics. Although the groups were well matched for age, sex, dialysis vintage, and the prevalence of ischemic heart disease, diabetes was more prevalent in the conventional arm. In a randomized crossover study, we recently confirmed improvement of hemodynamic and cardiac stability during extended as opposed to conventional HD sessions. 46 The observed hemodynamic stability during longer HD treatments involved not only measurements of peripheral systolic BP but also peripheral diastolic and central BP. Cardiac output also exhibited more stability during extended HD sessions, associated with better preservation of relative blood volume during longer dialysis sessions.
The cumulative evidence points toward improved management of LVH, vascular calcifications and cardiovascular outcomes, and bone mineral abnormalities by the use of extended HD and, to a lesser extent, SDHD. 37, 44, 47 It is common for patients on long-frequent HD prescriptions to require fewer phosphate-binding medications and on some occasions also need phosphate supplementation in the dialysate. 48 In the long term, improved control of hyperphosphatemia and secondary hyperparathyroidism by high-dose HD may translate into risk reduction of LVH and vascular calcification.
The impact of high-dose HD on QoL has been the subject of multiple studies, and overall results show an increase in kidney-specific domains of QoL parameters. 35, 43, [49] [50] [51] [52] This increase in QoL with high-dose HD regimes may be due to increased autonomy and functionality, reduced tablet burden, relaxation of dietary restrictions and fluid intake, considerable reduction to the time spent in hospital and in transit to and from the hospital (as in home HD), the ability to remain in employment (productivity), and a reduction to uremic symptoms. High-dose HD in the home setting has been shown to be associated with mood improvement, an important domain of QoL associated with improved outcomes. 43 This might be due to improved sleep quality. The FREEDOM study showed a reduction in the prevalence of restless legs syndrome from 35% to 26% after 12 months of SDHD (P=0.05), 53 while NHD has been associated with a reduction in the frequency of sleep apnea episodes. 54 Another important benefit of high-dose HD is its effects on fertility, particularly relevant to young CKD sufferers. Conception rates and pregnancy outcomes are overall poor in patients on dialysis. There are emerging observational data from patients on high-dose HD with lower urea levels that show significantly better outcomes. 55, 56 These findings are also in keeping with the evidence of high-dose HD being associated with the best pregnancy outcomes in patients requiring dialysis. 57, 58 It is thought that the increased rates of successful conception observed in female patients of childbearing age with ESRD receiving high-dose HD may partially be due to restoration of the pituitary-hypothalamic axis augmented by improved solute clearance. At the same time, improved fluid balance, BP control, and hemodynamic stability in high-dose HD could positively impact on pregnancy outcomes. In the male population, high-dose HD could also improve fertility, possibly by increasing testosterone levels and decreasing hyperprolactinemia.
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Risks associated with high-dose HD
The need for more frequent cannulation for frequent HD may potentially lead to increased vascular access-related complications and failure. In the FHN trial, patients on SDHD had a shorter time to first vascular access-related event compared to the conventional HD group. 60, 61 Most of these events were vascular access interventions as opposed to losses. A similar trend was also observed in the nocturnal arm of the FHN study. 41, 61 In our recently performed in-depth review of all available studies looking at vascular access complications in frequent HD compared to conventional HD, we found a small but significantly increased risk of vascular access complications in frequent HD (difference of 6.7 events per 100 patient-years, P=0.009). These events included access dysfunction, access-related hospital admission, access failure, and access-related infection. 62 The predominant cannulation method of arteriovenous fistulas and grafts is the rope-ladder technique. Buttonhole (constant-site) cannulation is an alternative technique whereby needles are inserted each time at exactly the same spot using the same insertion angle and the same depth of penetration for each dialysis session. The initial cannulation is performed using sharp needles, and once a subcutaneous tract has been formed, subsequent cannulations are performed using blunt needles. Buttonhole cannulation is commonly used in frequent HD, and it is often preferred by patients because it results in less pain, faster cannulation, and lower risk of hematoma. 49, 63, 64 However, concerns have been raised recently regarding the safety of this method, especially with regard to track-related infections. Several studies have indeed highlighted the increased risk of local and systemic buttonhole infections in patients on high-dose HD. 49, 65, 66 Preservation of residual kidney function (RKF) in dialysis patients is associated with clinical benefits. 67 A significant decline in RKF is observed in the first year after dialysis initiation, especially in conventional HD patients. 68 Recently, the nocturnal FHN study showed a faster reduction in RKF in patients on NHD as compared to conventional HD. 69 Although this study had significant limitations, these findings were unexpected. The reasons for this observed phenomenon are unclear. Based on the concept of organ hypoperfusion, it would have been expected that the rate of loss of residual function would have been higher in the conventional HD group. A number of mechanisms have been proposed for this loss of RKF and include reduction in osmotic load, an increased inflammatory response, and platelet activation. 70 More studies are required to understand the reasons behind an accelerated loss of RKF with NHD.
In general, dialysis is associated with cognitive decline, affecting domains such as executive function and attention. The reasons for this are not entirely clear. It could be a result of uremia or cerebral perfusion changes caused during HD. In both of these situations, intensive dialytic regimes should be associated with better outcomes. The FHN study attempted to explore the impacts of intensive dialytics prescriptions but showed no benefit. Interestingly, it raised concerns over both global cognition and attention in the NHD group. However, these data are exploratory, and the study was not powered to answer this question. To investigate the effects of intensive HD on cognition, appropriately powered studies are required. 71 
Who is eligible for high-dose and home HD?
Patient motivation is essential for the feasibility of both highdose and home HD. There are only few absolute contraindications for these treatments. The suitability of some vascular accesses can be an obstacle to undertaking high-dose HD, while uncontrolled mental health disease, lack of appropriate home environment, and lack of a caregiver (when a person requires assistance with treatment delivery) can all make home HD impossible. 72 Other known barriers to home HD are lack of motivation/ interest, unwillingness to change, learned helplessness, 
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fear of isolation, perceived burden on caregivers, and fear of cannulation. [73] [74] [75] However, these barriers can often be overcome by adequate predialysis education, motivational training of patient and caregiver, nurse-assisted cannulation, nurse-led home visits, a well-defined nursing/technical support system for patients, and provision of respite care. [76] [77] [78] Target populations for high-dose home HD All patients going through predialysis education clinic who are capable and willing could be offered the choice of home HD as a form of a home-based therapy (Figure 1) . Some of these patients and those established on a dialysis modality could be targeted for consideration of high-dose home HD. 79 Patients with ESRD with persistent extracellular fluid overload, severe hypertension and/or LVH, hemodynamic instability, resistant hyperphosphatemia as well as pregnant women or women on dialysis who wish to conceive are established target populations for consideration of high-dose home HD. Sleep apnea, reduced QoL, uremic symptoms, and persistent inflammation/oxidative stress are other factors that should also trigger the consideration of high-dose home HD in a dialysis patient (suggested target population). In addition to these target populations, there are emerging patient groups for whom high-dose home HD may also be considered. These range from caregiver-dependent patients (both patients and caregivers generally prefer a home-based dialysis therapy), crash starters, employed patients, patients with failing transplants, patients with failing PD, and morbid obese and elderly patients with ESRD. 80 Although the list of target populations for home high-dose HD is extensive, it is by no means exclusive. High-dose HD may be considered for management of rare and challenging conditions such as severe hyperoxaluria where significant benefits of frequent NHD have been reported. 
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include reduced need for expensive hospital space, reduced need for dialysis nurses, increased employment of home dialysis patients, and reduced patient transport costs to and from the dialysis centers.
We performed a preliminary economic analysis of HD modalities in the Netherlands (unpublished data 2016) based on a Markov model, which allows the capture of all possible treatment options for people with ESRD in so-called transition states, including PD, HD, and kidney transplantation (Figure 2) . 89 The objective was to compare the cost-effectiveness of high-dose HD (both in-center and at home) with conventional in-center HD. Key parameters of the analysis were QoL and the survival rates of the studied treatments. We found that treating patients at home with conventional HD costs significantly less than treating them in-center (−€21,205) with an additional health benefit (+0.242 quality-adjusted life-years). When delivering high-dose dialysis at home, the added health benefit is higher (+0.478 quality-adjusted life-years) for what we feel as an acceptable added cost (+€7,795). Therefore, we could conclude that in the Netherlands, high-dose home HD appears to be a costeffective alternative to center-based HD.
Future perspectives
The published work in the field of home therapies and the studied subjects remain small with lack of robust trial-based evidence. Further research is necessary and should be focused on addressing perceived barriers and risks to high-dose HD modalities. Dialysis patients are reliant on health care service delivery and its design for their survival and QoL and productivity. Redesigning dialysis care to being based on the home setting could translate into healthier outcomes and more personalized care, with better self-management.
Convincing patients to dialyze at home should be led by the health care team. A change in attitudes of health care professionals toward home-based dialysis is necessary. A lot of the shortfalls in our approaches may be due to lack of exposure and knowledge of home HD. This could be overcome by incorporating high-dose and home HD education as a core component of training curricula for medical and nursing staff. Experience will indicate that once patients get started on in-center HD, the development of "learned helplessness" makes it more difficult for them to transfer to a home dialysis modality. Investment in redesign of infrastructure is necessary from health care providers to create a dedicated environment preferably outside the hospital setting to deliver home HD training, support, education, and clinics, as well as facilities for respite care, rehabilitation, and social and psychological support.
An area for reevaluating our current practices might be that of transition from predialysis to initiation of dialysis in the home setting. As we previously discussed, although high-dose home HD may be the most suited strategy for maintaining functionality in the first year after initiation of treatment, mainly by reducing dialysis-related complications, 90, 91 it has also been linked with accelerated loss of RKF, increased risk of vascular access complication, and cognitive decline. 4, 5, 71, 92, 93 With this in mind, incremental home HD is a growing practice and reflects the flexibility offered by home therapies. These principles behind incremental dialysis involve initiation of HD two or four times a week for 3 hours (to eliminate the long break) and subsequently titrating dialysis duration and frequency based on clinical parameters and individual preferences. Clinical parameters to assess the required dialysis dose may include the amount of residual renal function, metabolic control (acidosis, hyperkalemia, hyperphosphatemia, secondary hyperparathyroidism), BP regulation, and volume status. Subclinical parameters to evaluate whether an increase in dialysis dose may be required may include various tools such as body composition and hydration status (bio-impedance), presence of myocardial stunning (echocardiography or positron electron tomography), assessment of physical activity (questionnaires, grip strengths, walking speed, SenseWear ® device), levels of nontraditional toxins (FGF-23, protein-bound uremic toxins, 
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dicarbonyl stress, and advanced glycation end-products), as well as polysomnography and QoL questionnaires. Recently, Kalantar-Zadeh et al 94 studied the effect of incremental HD using an initiation regime of twice-weekly treatments instead of thrice weekly. The objective of their approach was to delay HD-associated loss of residual renal function by reducing the treatment frequency at the time of dialysis initiation. In this study, the clinical factors that would influence transition to more frequent regimes were RKF, volume status, cardiovascular symptoms, body size, potassium and phosphorus levels, comorbid conditions, hospitalizations, and health-related QoL. The cutoff for transition from twice-weekly to thrice-weekly HD was a reduction in urine output below 0.5 L per day or if the nutritional status or general health condition of the patient was to show a deteriorating trend over time. However, almost all patients starting dialysis based on clinical grounds, as suggested by the IDEAL trial, would by these criteria fail to qualify as suitable candidates to start on twice-weekly HD. 95 The potential drawbacks of twice-weekly regimen can be significant due to further prolongation of interdialytic intervals, which has been strongly associated with cardiovascular morbidity and mortality. 15, 96 Furthermore, addressing transition from twice-to thrice-weekly regimens as proposed 93, 94 can be difficult from a patient perspective, potentially leading to suboptimal outcomes. 96, 97 The recommendation of a minimum of thrice-weekly dialysis was recently supported by Hakim and Saha 98 in their review of the effects of dialysis frequency versus dialysis time. The authors also suggest a minimum initial dialysis duration of 4 hours per session, which later could be increased to 6 hours or even 8 hours if clinical and/or subclinical parameters dictate. The debate over the optimal dialysis dosing at the time of transition from predialysis to dialysis and the long-term dose adjustment according to the patient's individual need is still at large, and further studies are required to inform our future strategies. Therefore it is our view that for the majority of patients, the minimum dialysis frequency should be thrice weekly until further evidence of timely initiation of twice-weekly dialysis regimen and its outcomes have been studied. Following their findings, Kalantar-Zadeh et al 94 proposed a series of RCTs of incremental versus thrice-weekly HD to further describe the relation between dialysis dosing, frequency, RKF, and patient-related outcomes. High-dose and home HD extends this debate further and provides an opportunity to shift the paradigm from adequate to optimum dialysis.
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